Direct laser induced fluorescence measurements are shown of cross-field ion flows normal to an absorbing boundary that is aligned parallel to the axial magnetic field in a helicon plasma. We show Langmuir and emissive probe measurements of local density and plasma potential in the same region, as well as floating probe spectra near the boundary. With these measurements, we investigate the influence of ion-neutral collisionality on radial ion transport by varying the ratio of the ion gyro-radius, q i , to the ion-neutral collision length, k, over the range 0.34 q i k À1 1.60. Classical drift-diffusion transport along density and potential gradients is sufficient to describe flow profiles for most cases. For two parameter regimes (q i k À1 ¼ 0.65 and 0.44), low-frequency electrostatic fluctuations (f < 10 kHz) and enhanced cross-field bulk ion flow to the boundary are observed. 
I. INTRODUCTION
The physics of density and electric potential gradientaligned cross-field ion transport is critical in a number of plasma applications and experiments, such as magnetic filters, 1,2 tokamaks, 3 linear magnetized plasma sources, 4, 5 and multipole confinement devices. [6] [7] [8] Cross-field ion transport is also an important process for plasma deposition in the Earth's magnetosphere at the magnetopause, 9 ,10 for selfconsistent electric field formation in sheaths with magnetic fields parallel to the boundary, [11] [12] [13] [14] [15] [16] and for particle fluxes to probes in magnetized plasmas. 19 In the simplest picture of cross-field ion transport, elastic collisions between ions and other particles allow them to "hop" flux tubes, generating flows along density and electric potential gradients. In this work, we refer to such transport as "classical." In fully ionized plasmas, for non-like particle collisions, this is referred to as "Braginskii" transport. 17 In this experiment, and for many low-temperature partially ionized plasmas, ion-neutral collisions dominate. 18 We refer to "classical" transport here in this context. In many instances, cross-field flows in the direction of density and potential gradients are observed to be greater than classically predicted-they are "enhanced."
There is a significant heritage of cross-field ion flow studies in both linear and toroidal magnetized plasma devices pertaining to the effects of drift waves on non-diffusive transport. 18, [20] [21] [22] This is distinct from "neoclassical" transport, which is caused by geometrical effects in toroidal machines. 17 Drift waves are known to "enhance" convective cells, which can increase cross-field transport rates. 26 Low frequency electrostatic fluctuations have been correlated with non-diffusive radial ion transport on the Large Plasma Device (LAPD) 27 and the Controlled Shear De-correlation experiment (CSDX). 4 Recently, turbulence-driven sheared flow has been shown to mitigate enhanced radial ion transport, triggering high-confinement modes in both helicon devices and tokamaks. [28] [29] [30] Externally driven sheared flows have also been shown to mitigate cross-field ion transport. 31 There is a substantial and growing body of theoretical and experimental studies on drift wave turbulence and transport. We simply introduce the topic here as drift wave-like effects are present in varying degrees in our experiment. Referenced review articles contain more information on this topic. 22, 23 Experimental tests of classical cross-field transport models are needed to validate predictions of ion-neutral collisional transport and Braginskii transport. For example, in tokamak plasmas, knowledge of diffusion rates of ions through the scrape off layer is crucial for power balance, wall-loading, and sputtering models. 24 Diffusion rates depend on global plasma quantities and the local background neutral density. Due to the complexity of fusion experiments, measurement of core quantities is often difficult, and diffusion coefficients must be assumed. 3, 25 In many situations, low-temperature plasma laboratory experiments provide a highly accessible environment for measuring diffusion coefficients and for checking transport properties. For example, Fasoli et al. measured cross-field classical diffusion due to ion collisions with different mass neutrals in a Q-machine plasma. 32, 33 Observed ion transport using laser-based "optical tagging" techniques showed agreement with classical ion-neutral collision models over a range of injected "buffer" neutral gas levels. Cross-field ion diffusion in magnetized, fully ionized Q-machine plasmas due to charged-particle collisions was measured using optical tagging by Bowles et al. 34 They found agreement with theory in quiescent plasmas, and enhanced transport in the presence of drift waves.
In line with the previous measurements by Fasoli et al. characterize cross-field flows to absorbing objects in magnetized plasmas. We vary the ion-neutral collisionality by changing the ratio of the ion gyro radius, q i , to the ionneutral collision length, k, from q i k À1 ¼ 0.34-1.60. q i k
À1
compares the path length of an ion gyrating in a magnetic field to the characteristic decay length, due to ion-neutral collisions, of a flux of ions traveling through a background of neutral scattering particles. q i k À1 ( 1 indicates a collisionless plasma, and q i k À1 ) 1 indicates a highly collisional plasma. For most parameter regimes investigated here, a classical diffusion model is shown to accurately predict the measured ion flow profiles. For two datasets, the classical model under-predicts the observed radial ion flow. In these regimes (and only these regimes), floating probe power spectra exhibit broadband electrostatic fluctuations, suggestive of drift wave activity. For comparison with theory, these new measurements provide radially resolved, gradient-aligned ion flow profiles, mediated by ion-neutral collisions, in a partially ionized and magnetized plasma, over a range of collisionality. We experimentally demonstrate the breakdown of the classical theory under experimental conditions where broadband, low frequency electrostatic fluctuations are present.
II. EXPERIMENTAL APPARATUS
A. The HELIX-LEIA facility A diagram of the HELIX-LEIA apparatus is shown in Figure 1 . The HELIX chamber consists of a 61 cm, 10 cm diameter Pyrex TM cylinder attached at one end of a 91 cm long, 15 cm diameter stainless steel tube. The other end of the Pyrex section is attached to a Pyrex cross-tee via a grounded flange. An MKS 1179 valve controls a gas feed located on one of the four 2.5 cm ports in the stainless steel section closest to the Pyrex tube, as shown in Figure 1 . The bottom of the cross-tee is attached to a turbomolecular drag pump system via a gate valve. The HELIX antenna is a 19 cm long, half wave, m ¼ þ1 helix wrapped tightly over the Pyrex portion of the chamber, and is driven by an RF amplifier that is capable of 1.5 kW forward RF power. The HELIX chamber is coaxial with ten water cooled copper coil electromagnets, which establish an axial magnetic field of up to 1225 G in the chamber. The coils were positioned to optimize field uniformity, achieving dB/B % 0.1% on axis. 35 The LEIA chamber is a 4 m long, 2 m diameter expansion chamber attached coaxially to the HELIX chamber on the end opposite the Pyrex section. Seven 2.75 m diameter water cooled electromagnets provide a magnetic field up to 140 G on-axis. The HELIX-LEIA facility is described in detail in a recent review. 45 63 cm downstream from the antenna, four 15.24 cm (6 in.) Conflat crossing ports allow probe and optical diagnostic access to the plasma. Langmuir and emissive probes measure the local electron temperature, ion density, electric potential, and floating potential spectrum. Local ion velocity distribution functions (IVDFs) were measured with laser induced fluorescence (LIF).
To test the effect of an absorbing boundary parallel to the background field, a 7.62 cm diameter circular stainless steel plate, grounded to the chamber wall via a 1.27 cm diameter stainless steel post, was placed 3.4 cm from the center axis of HELIX (r ¼ 0 cm). The plate was inserted 3.4 cm from the center of HELIX chamber axis. The plate's position allowed for measurements of plasma boundary interactions near a wall, in the presence of the core plasma that was dense enough to be measured with LIF diagnostics. The plasma near the HELIX chamber walls was too tenuous to investigate with such methods. The surface of the plate was aligned parallel with the background magnetic field based on field line profiles. The variation in the magnetic field in HELIX was dB/B % 0.1% on axis. Because the field lines have finite curvature, some amount of field line intersection with the plate occurs. However, as dB/B % 0.1%, the thickness of the layer in around the plate's surface that contains boundaryintersecting field lines was not resolvable with the spatial resolution of the diagnostics. Thus, we treat the plasma boundary as having wall-parallel magnetic fields for the purposes of these measurements. The plate surface position was calibrated by injecting the LIF laser through the collection optic and scanning the optic position to determine the precise location of the boundary (the collection optic has a translation resolution of 1 mm). A 1.9 cm hole at the center of the plate was filled with a 70% transparent stainless steel mesh, and was backed by a stainless steel razor blade laser beam dump to reduce laser reflections, which can produce counterpropagating LIF signals. The plate diameter was chosen to be %10 times the ion gyro diameter, and measurements were taken along the normal vector that intersects the plate center. Accordingly, we assume boundary edge effects are ignorable.
B. Diagnostics
The Langmuir and emissive probes were built from 0.6 cm stainless steel tubing that was bent 90
at one end. The other end of the tubing passes through a double o-ring Ultra-torr fitting on a vacuum flange, allowing the probe to be rotated and translated axially across the entire plasma column normal to the plate. The stainless steel tubing was covered by a thin Pyrex tube to reduce the grounded collection area, and the opening of the bent end of the probe mates with a 0.6 cm single bore alumina tube that partially shields the probe tip. The stainless steel tubing, in electrical contact with the stainless steel section of HELIX, serves as the ground reference potential.
A single swept Langmuir probe was inserted into the plasma near the grounded boundary plate in order to measure local electron temperature, ion density, and floating potential. The probe circuit contains an inductor choke chain with very large impedance at 13.56 and 27.12 MHz to reduce the effects of RF fluctuations in the probe characteristics. 46 The Langmuir probe consists of a 0.1 mm tungsten wire, of which 10 mm were exposed to the plasma. The voltage sweep of the probe does not exceed 50 V pp and was swept with f < 1 Hz. This low-frequency sweep was chosen to average over any fluctuations present in the plasma and to isolate background quantities. The diameter of the probe tip was greater than 10 Debye lengths, so planar probe analysis 47 was used for interpreting ion saturation current. Typical plasma parameters were n i % 8 Â 10 18 m À3 and T e % 3 eV. An uncompensated, self-heated emissive probe was inserted into the plasma in order to measure local plasma potential. The emissive probe consists of a 0.05 mm thoriated tungsten wire, of which 10 mm were exposed from the alumina. The tip was heated to emission by the collected plasma electron current. [40] [41] [42] [43] The probe was swept over approximately 200 V pp at 1 kHz, such that the probe temperature, and thus the emission level, was constant over many sweeps. The "limit of zero emission" method 41 was used, in which the electron emission current varies in response to temperature changes induced by approximately 5 V changes in applied voltage at the positive voltage extreme of the sweep. This method has been shown to give reliable measurements of plasma potential in the presence of electron beams 43 that can occur in helicon plasmas. 44 64 sweeps were averaged per heating level prior to analysis.
LIF measurements were made using a narrow bandwidth Sirah Matisse-DR tunable ring dye laser, which sweeps across 10 GHz centered on 611.6616 nm (vacuum wavelength) to pump the singly ionized argon 3d 2 48 The relaxation light was collected by a Hamamatsu photomultiplier tube (PMT) via a 1 nm bandwidth notch filter. The sightline of the PMT was normal to the radial laser injection beam, with 4 mm spatial resolution. The PMT output was sent to a Stanford Research Systems SR830 lock-in amplifier, which was referenced by a mechanical chopper that modulates the injected beam, eliminating the decorrelated signal contributions from background radiation and electronic noise. Approximately 5% of the output of the Matisse-DR was diverted through an iodine cell whose absorption spectroscopy signal provides an absolute frequency reference. The laser was injected normal to the boundary plate, perpendicular to the axial magnetic fields in HELIX, so as to measure the ion drift velocity across the magnetic field lines towards the boundary. The laser injection optics contains a 2.54 cm diameter collimating lens and a linear polarizer, whose fast axis was aligned with the magnetic field. The polarizer limits the atomic pumping to the p transition (Dm ¼ 0). The internal Zeeman splitting of the p lines, the Stark broadening, the natural linewidth of the absorption line, and the laser linewidth were all negligible compared with the Doppler broadening of the ion distribution. The lock-in output versus laser frequency was proportional to the absorber density for a given electron temperature. The shift in laser frequency about the non-Doppler-shifted pump line was converted to velocity of the absorber through the typical Doppler shift relation, yielding the absorbing ion state distribution function in velocity space. The IVDF was then fit with a single, thermally broadened Gaussian function. Figure 2 shows emissive probe measurements of plasma potential across the plasma column radius. The plate was located at 3.4 cm on the abscissa. The potential structures are essentially flat, with electric fields of E r 30 V/m. The largest gradient was measured when q i k À1 ¼ 0.34, for which the change in potential from the edge to the core was approximately 1.75 V.
III. EXPERIMENTAL RESULTS
Using measurements of ion saturation current taken with the Langmuir probe, profiles of density were recorded at radial positions normal to the surface of the grounded plate for q i k À1 ¼ 0.34-1.60. The results are shown in Figure 4 . The profiles of density are normalized by the peak density in the range of the scan, as indicated in the legend of each plot. For every value of q i k
À1
, the ion density decreases secularly with increasing distance from the center of the plasma. The normalized density gradients, from just outside the plasma core to the edge, i.e., for 1 r < 3 cm, are jrn=n o j % 10 À 33 m À1 . Sample IVDFs and their Gaussian fits are shown in (Figure 3 for example) that yielded an R 2 value greater than 0.9. A floating Langmuir probe was placed in the plasma 1 cm in front of the grounded boundary plate to observe electrostatic fluctuations. 128 spectra were averaged per parameter regime. The results of these measurements are shown in Figure 5 . The spectra for q i k À1 ¼ 0.44 and 0.65 are emphasized in bold red. In all panels, there is a large peak at approximately 2.5 kHz, with first and second order harmonics discernible. This signal appears in spectra taken in the absence of plasma and is only observed when the HELIX magnetic field coil power supplies were active, regardless of the current level through the coils or the existence of plasma in the system. Panels (b) and (c), which contain spectra for q i k À1 ¼ 0.44 and q i k À1 ¼ 0.65, respectively, show broadband spectral components that are absent elsewhere, even after 128 spectra averages. These broadband fluctuations correlate with the enhanced flow velocity scenarios previously described. Broadband low frequency (f < 10 kHz) fluctuations have been observed in the presence of drift waves in helicons. 29, 34 
IV. CLASSICAL DIFFUSION MODEL
To determine whether the measured potential and density gradients yield classically predicted v i profiles, we compare the data with a classical cross-field drift-diffusion model. Two main approaches to cross-field ion flow models exist, a kinetic approach and a fluid approach. Schmitz et al. have argued that a kinetic approach is necessary for ion flow near an absorbing boundary, as when the boundary is within one ion gyro radius from the center of a flux tube, ions can be lost within a single orbit, modifying the ion velocity distribution function. 11 For all the measurements presented, the ion flux tubes remained more than one gyro radius from the grounded plate. Also, the ion temperature was not observed to vary more than 13% from the center of the vacuum chamber to the plate. Hence, for this model we use a basic fluid model and compare it with our measurements. The details of this model are presented most recently by Curreli and Chen. 18 The model is derived from the first velocity moment of the Boltzmann kinetic equation, using the Bhatnagar-Gross-Krook collision operator 36 and the ideal gas law with constant ion temperature as a closure. We begin with
where / is the electric potential, ¼ n n rv Ti is the ion-neutral collision frequency, r is the ion-neutral elastic collision cross section, n n is the background neutral density, and v Ti is the ion thermal velocity. In order to properly evaluate this equation, our ansatz is that at each radial measurement position, the component of the convective derivative in the radial direction is small, ðṽ i Á rÞṽ i Ár % 0. The radial velocity is determined locally by the electric field and density gradient at that position, as evidenced by the largely azimuthal and axial flows measured in the HELIX system. 37 The radial velocity model then follows algebraically from Equation (1) to be 38
where
is the perpendicular ion mobility, and
is the perpendicular ion diffusion coefficient. To check whether the measured velocity, density, and potential profiles agree with this model, logarithmic and polynomial functions were fit to data for /ðrÞ and n(r), respectively. Good estimates of r for Ar þ -Ar elastic collisions exist for high energy collisions, but the exact values of r for low energy collisions are less well known. 39 Thus r was used as a fitting parameter. The potential and density fits were then put into Equation (2) to match to the v i (r) data, for 0.01 r 0.03 m.
For the polynomial and logarithmic fits to n i (r) and /ðrÞ data, we used
for n i (r), and
for /ðrÞ, where A, B, C, D, P, and Q are fitting constants and were allowed to vary. While the fits to /ðrÞ and n i (r) give only functional forms of the measured profiles to insert into Equation (2) and do not elucidate any physics. However, the fit of Equation (2) Table I shows the fitting parameters used for the functional fits to data, and the value of r fit that obtained the best match of v mod i to v i data. As shown in red in this table, for q i k À1 ¼ 0.44 and 0.65, a r fit 2-4 times larger than for other datasets was necessary to obtain the best fit. Figures 6 and 7 show the functional fits n fit and / f it , as well as v mod i from Equation (2), for all parameter sets. The figures are divided between those with r fit % 3 Â 10 À19 m 2 ( Figure 6 ) and r fit % 10 À18 m 2 ( Figure 7 ). For q i k À1 ¼ 0.34, 1.00, 1.37, and 1.60, using r fit % 3 Â 10 À19 m 2 resulted in Equation (2) profiles with the greatest Dv i (ion drift velocity change from r ¼ 0 to r ¼ 2.8 cm) were obtained using r fit % 10 À18 m 2 , for which Equation (2) most accurately represented the measured flow profiles for these two parameter sets. For q i k À1 ¼ 0.65, a good fit (R 2 ! 0.9) was not obtained for any r fit (Figure 7(f) ).
V. DISCUSSION
That r fit % 3 Â 10 À19 m 2 yields the best fit of our model to the measured velocity profiles agrees with measurements and Monte Carlo models of isotropic elastic scattering cross sections of singly ionized argon with argon neutrals. 39 In the classical diffusion model, these isotropic elastic collisions provide a mechanism for the argon ions to cross-field lines towards the boundary plate. This lends credence to the classical model and assumptions, with the exception that for q i k À1 ¼ 0.44 and 0.65 a much larger r fit is necessary to fit to the data. This discrepancy could be caused by failure of the model assumptions, by the presence of non-diffusive transport mechanisms for these datasets, or by both.
The floating probe spectra from Figure 5 suggest an explanation for this inconsistency. For the q i k À1 ¼ 0.34, 1.00, 1.37, and 1.60 datasets, the low frequency electrostatic spectra showed no activity except for background signals. For the q i k À1 ¼ 0.44 and 0.65 datasets, which require large r fit , the spectra exhibit broadband fluctuations at frequencies less than 6 kHz. Furthermore, for q i k À1 ¼ 0.44 ( Figure 5(b) ), electrostatic oscillations at 0.8 kHz are observed. These oscillations are in the spectral range of drift wave fluctuations commonly observed in linear magnetized plasma experiments. 22, 34 As mentioned in the Introduction section, the presence of drift waves has been extensively investigated for their role in enhanced cross-field ion transport. Therefore, the correlation of low frequency electrostatic oscillations with the breakdown of our classical transport model suggests that the bulk ion flows we observe may be enhanced by drift wave-related non-diffusive transport. We can use our r fit of 3 Â 10 À19 m 2 and compare the classically predicted ion flow profiles to those observed for q i k À1 ¼ 0.44 and 0.65. This comparison is shown by the red lines in Figures 7(c) and 7(f) , which show that the measured flow towards the boundary plate is significantly greater than is classically predicted using the collision cross section both from the accurately fit (R 2 ! 0.9) model with no electrostatic fluctuations and from cross section theory. 39 As such, the suggestive drift wave effects in these datasets generate an enhanced density and potential gradient-aligned cross-field ion flow.
The generation mechanism for the electrostatic fluctuations for q i k À1 ¼ 0.44 and 0.65 was not the object of this work. Drift waves in cylindrical sources are driven by density gradients, which themselves are a result of by the equilibrium discharge parameters.
[AQ]The expression "result of by the equilibrium" is unclear as given in the sentence "Drift waves in cylindrical sources…" Please check. These are experimentally set by RF power, magnetic field strength, and fill pressure. Our objective was to test the classical cross-field diffusion model in the partially ionized edge of a helicon plasma. 18 We chose our parameters in that varied q i k
À1
, without direct control over edge electrostatic fluctuations in the system.
Throughout the extensive investigation of cross-field flows to the outer boundaries of linear and toroidal magnetized apparatus, 4 non-perturbing LIF flow measurements have only been performed in the azimuthal direction. 28, 29 Combining these measurements with radial ion flows is important for understanding the role of drift waves in nondiffusive transport. To our knowledge, the measurements presented here are the first spatially resolved LIF measurements of radial bulk ion flow in a partially ionized, linear, magnetized device, showing enhancement of cross-field, gradient-aligned ion velocity profiles in the presence of low frequency electrostatic fluctuations.
